We present full-band structure calculations of temperature-and wavelength-dependent two-photon absorption coefficients and free-carrier absorption cross sections in GaAs, InP, and 0.92 eV-band gap Ga 64 In 36 As and InP 60 As 40 alloys. The calculated coefficient decreases with increasing wavelength and band gap but increases with temperature. Using detailed band structure analysis, we identify various contributions to the free-carrier absorption in GaAs and InP. Although the free-carrier absorption is found to arise predominantly from hole absorption, we show that direct absorption by excited electrons is possible, leading to an enhanced free-carrier absorption coefficient. This excited state absorption could be exploited to modulate the transmission of light at communication wavelengths ͑of 1.33 or 1.55 m͒ with, for example, the more commonly available 0.8 m diode laser. We further show that the high-intensity transmission calculated with our values of nonlinear parameters in GaAs agrees very well with the measured values. © 2011 American Institute of Physics. ͓doi:10.1063/1.3533775͔
I. BACKGROUND
Nonlinear absorption ͑NLA͒ studies of semiconductors are of scientific and technological interest. 1, 2 The knowledge of NLA is important for a number of applications, including frequency conversion, optical switches, and optical modulation. 1 The modeling of output intensity and beam profile variations with input intensity in semiconducting materials is being carried out for scientific purposes, as well as for the selection of better materials for optical modulation applications. 3, 4 In these models, the NLA is characterized by two-photon absorption ͑TPA͒ and free-carrier absorption ͑FCA͒. Since the values of these absorption coefficients are important in understanding nonlinear transmission through the medium, there are continuing efforts to accurately evaluate these parameters. However, the NLA coefficients extracted from experiments tend to vary, [5] [6] [7] sometimes by orders of magnitude, because of a number of limiting factors, including laser pulse duration and profile, defect concentration, doping density, coherence effects, lattice temperature, and band filling. Similarly, the calculated values of these NLA parameters depend on the approximations used in the theory. The functional dependence of TPA coefficients on band gap and temperature are obtained well using Wherrett's expression 8 with nonparabolic correction, 9 multiphoton expressions, 10, 11 and then with the parameterized k · p method. 6, 12, 13 Multiphoton absorption coefficients have also been obtained with first-principles bandstructures.
14 However, owing to the underestimation of the fundamental gap in density functional methods, the accuracy of these calculated coefficients is uncertain. As an intermediate approach, full bandstructure from an empirical pseudopotential-based Hamiltonian had first been used by Vaidyanathan et al. 7 to obtain the TPA coefficients. While the calculational procedure is accurate, the band structure did not include the important contribution from nonlocal potentials and the plane wave method is not suited for studying alloys. Recently we have extended the full bandstructure calculations to indirectly include the nonlocal effect, and studied InAs, InSb, and HgCdTe alloys. 15, 16 Our calculations revealed that the calculated values differ substantially, by as much as a factor of 5, from those given by the simple analytical formula, and that NLA parameters are strongly dependent on carrier concentration and temperature.
In this article we present the calculations of the interdependent NLA parameters for GaAs and InP compounds, and Ga 0.64 In 0.36 As, and InP 0.6 As 0.4 alloys at selected wavelengths in the 1 to 2 m region. The TPA coefficient decreases with increasing band gap and wavelength but increases with temperature. We identify various contributions to the FCA. In addition to the well-known direct absorption by holes, we find that direct absorption by electrons in satellite valleys can be very large. This observation offers the possibility of light modulation at one wavelength, e.g., 1.55 m with light at a more common wavelength of 1.064 or 0.8 m.
II. NLA PARAMETERS

A. Band structure and optical matrix elements
Previously we had calculated the NLA parameters for materials with band gap energies less than 0.4 eV. 16 Here we present similar calculations with tight-binding bandstructures for GaAs and InP compounds as well as Ga 64 In 36 As and InP 60 As 40 alloys. 17 The room-temperature band gaps of GaAs and InP are 1.42 eV and 1.35 eV, respectively. The alloys, Ga 64 In 36 As and InP 60 As 40 , have a band gap of 0.92 eV. The quality of the bandstructure and the accuracy of dipole matrix element calculations, required for accurate esa͒ Electronic mail: srini@sri.com. timation of two-photon or TPA and FCA strengths, can be evaluated by comparing the calculated one-photon absorption with measured values. As an illustration, we plot the calculated one-photon absorption coefficient in GaAs and compare it with the measured 18 values in Fig. 1 . We see that agreement is very good for photon energies of almost 5 eV from the valence band edge of GaAs. The TPA and FCA take place typically within 1 eV from the valence and conduction band edges.
B. TPA
The electrons from heavy-hole ͑HH͒, light-hole ͑LH͒, and spin-orbit ͑SO͒ valence bands ͑VBs͒ can absorb two photons to get promoted to the lowest conduction band ͑CB͒, as shown by double arrows, for example in InP and GaAs, in Fig. 2 . The TPA coefficient, ␤ is calculated from secondorder perturbation theory. 19 The calculated values are shown in Fig. 3 for the photon wavelengths of 1.064 m ͑dashed͒ and 1.55 m ͑solid͒ as functions of temperature for two compounds and two alloys. For the alloys, ␤ was not calculated at 1.064 m because the photon energy at that wavelength is larger than the band gap energy, E g , and one-photon absorption will overwhelm the TPA. The TPA coefficients of semiconductors with E g below 0.4 eV were of the order of 1 cm/MW. 16 The corresponding values for the semiconductors studied here with E g between 0.9 and 1.4 eV are about a factor of 100 smaller. For example, the room temperature value of ␤ at 1.55 m in intrinsic GaAs and InP compounds, InP 0.6 As 0.4 and Ga 0.64 In 0.36 As alloys, are 0.007 cm/MW ͑or 7 cm/GW͒, 0.012 cm/MW, 0.032 cm/MW, and 0.036 cm/MW, respectively. The ␤ is expected to be smaller in larger band gap materials-in the second order perturbation theory the matrix element varies as 1 / E g 2 and the joint density of states increases as E g 1/2 , leading to ͑E g ͒ −3/2 dependence-and that is clearly seen. Since an increase in temperature causes the band gaps of these compounds and alloys to decrease, the ␤ increases. For a given band gap, the shorter wavelength photons excite the electrons from states in deeper valence band to higher energy states of the conduction band, so that both initial and final densities of states are larger, leading to larger ␤. Thus the value of ␤ at 1.064 m is larger than that at 1.55 m ͑for GaAs and InP͒. The calculated ␤ can be expressed as a fourth order polynomial in T as, 
The expansion coefficients ͕a i ͖ are given in Table I The evaluated ␤ values as a function of wavelength for these compounds and alloys are shown in Fig. 4 for 300 K ͑thick solid lines͒ and 77 K ͑thin solid lines͒. The TPA in the one-photon absorption region is not shown. In general, the value of ␤ decreases with an increase in the wavelength. This is because the short-wavelength photons excite carriers close to the band edges where the density of states is small, resulting in a reduced TPA coefficient. The Wherrett's formula, 8 based on two-band parabolic electronic structures, is often used to estimate the ␤ values of the semiconductors. The ␤ values evaluated for GaAs using Wherrett's formula are plotted in Fig. 4͑a͒ , shown by dotted lines, for two temperatures.
We see that full band calculations differ considerably both in magnitude and in wavelength dependence. The difference increases as the temperature is increased. Similar behavior is observed for all compounds and alloys considered here. With improved bands, obtained within k · p approximation, the TPA is usually modeled 6, 12, 13 to be proportional to ͑E g ͒ −3/2 . Although we find this trend to be true, including the alloys considered here, we see that the values in InP and GaAs differ substantially, in spite of nearly equal band gap. We found that the difference arises from the inclusion of k-dependent matrix elements, all bands within the absorption range, and energy-and-momentum conservation conditions in our calculations.
C. FCA
When two photons are absorbed, an electron is excited to the CB and a hole is created in the VB. These photoexcited carriers can then absorb a single photon, a process called FCA, as shown by the single arrow in Fig. 2͑a͒ for InP and Fig. 2͑b͒ for GaAs. Electrons in lower-lying SO or LH band can absorb a photon to occupy the photo-excited hole in the LH/HH band. ͑This can also be viewed as holes in higher band absorbing a photon to occupy an electron state in the lower VB, hence called FCA by holes.͒ Similarly, the photoexcited electrons in the CB can also absorb one photon, giving rise to FCA by electrons. However, an electron in the ⌫-valley of the CB does not have a final state to reach after absorbing a photon. It needs a short wave vector ͑or longwavelength͒ phonon to reach a state in the ⌫-valley of the CB or a long wave vector phonon ͑shown as a dotted line͒ to reach a state in the X-valley of the CB. Interestingly, once the electrons are in the X-valley of the CB, they can absorb one photon, without need of assistance from phonons, to reach the next higher CB, as shown in Fig. 2 . We explored each of these contributions in detail for the all materials considered in our studies but discuss only with reference to InP and GaAs here.
FCA holes
The wavelength dependence of the absorption cross section is determined by a number of factors-hole population, energy, and momentum conservation, the dipole matrix ele- ment, and participating bands. Photon absorption can take place between HH, LH, and SO valence bands. The calculated energy difference between HH, LH, and SO bands, for example, in InP, near the zone center is plotted in Fig. 5͑a͒ as a function of wave vector ͉k͉ in ͓100͔ direction. Only those photons with energy equal to the energy difference can be absorbed between the respective two bands. Figure 5͑b͒ displays the FCA cross section ͑͒ arising from absorption between each of these pairs of bands as a function of photon wavelength. The energy difference between HH and LH increases ͓Fig. 5͑a͒, solid line͔ monotonically. When the photon energy equals this energy difference, the absorption can take place. We see that the absorption of long-wavelength photons ͑small energy͒ is possible only near the zone center ͑k =0͒ where the hole density is very large. Consequently, the is large for long-wavelength photons and decreases as the wavelength is decreased ͓solid line, Fig. 5͑b͔͒ . The energy difference between HH and SO bands ͓Fig. 5͑a͒, dotted line͔ increases rapidly from 0.12 eV ͑which is the SO splitoff energy in InP͒. Although photons with energy larger than 0.12 eV ͑or wavelengths shorter than 10.3 m͒ can be absorbed between these bands, the corresponding FCA cross section ͓Fig. 5͑b͒, dotted line͔ did not vary monotonically with wavelength. At the zone center, the optical matrix element vanished because of symmetry, and the value of the FCA cross section is zero near 10.3 m. The value of increases initially with an increase in energy ͑or decrease in wavelength͒ as states away from the zone center participate. Further increase in wavelength requires that absorption take place well away from the zone center where the hole population is small. The FCA cross section decreases, after reaching a maximum of near 4 -6 m. The LH and HH bands were degenerate at the zone center ͑k =0͒, and hence the LH-SO energy difference also started at 0.12 eV. However, the energy difference between the LH and SO bands ͓Fig. 5͑a͒, dashed line͔ decreases slightly to ϳ0.11 eV near k = 0.015 and then increases rapidly with the wave vector. The absorption of photons with energy greater than 0.11 eV ͑or wavelengths shorter than 11.3 m͒ is possible between these two bands. Interestingly, both dipole matrix element and the hole population were large near k = 0.015, and the calculated FCA cross section ͓Fig. 5͑b͒, dashed line͔ was large near 11.3 m. For shorter wavelength photons, the appropriate LH-SO energy difference ͓Fig. 5͑a͒, dashed line͔ occurred only at places farther away from the zone center with the associated reduction in hole population decreasing the FCA cross section. The h decreases monotonically ͓Fig. 5͑b͒, dashed line͔. The sum of the three contributions ͑HH-LH, HH-SO, and LH-SO͒ is the total h and is plotted in Fig. 6 as a function wavelength in the 2 to 16 m region for ͑a͒ GaAs, ͑b͒ InP, ͑c͒ Ga 0.64 In 0.36 As, and ͑d͒ In 0.60 As 0.40 P for two temperatures of 300 and 77 K. The sharp structures arise from the SO-HH resonance, which is material dependent. As the temperature is lowered, the holes are distributed closer to the top of the VB, with only a few holes available away from the zone center. Hence the energy-momentum conservation condition allows longer wavelength absorption to dominate over the shorter wavelength absorption. In addition, the increase in the number of holes available for longer-wavelength photon absorption results in increased cross section at 77 K over that at 300 K. This is clearly seen for all four materials studied here-the calculated cross-section curve shifts to longer wavelengths as the temperature is lowered.
Since these materials are considered for propagation of light with more common wavelengths of 1.064 and 1.55 m, the calculated hole absorption cross sections are fitted as before 16 to a fourth order polynomial in T,
The expansion coefficients ͕ i ͖ are given in Tables I and II. The closed-form expressions of the cross section enable the light propagation codes to arrive at the solutions efficiently.
FCA electrons
The calculated cross section for absorption by conduction electrons in the ⌫-valley is exceedingly small ͑ϳ10 −19 cm 2 ͒ as it requires a simultaneous absorption of a phonon to conserve both energy and momentum. The calculated values are consistent with values 20 obtained from lowintensity transmission measurements.
FCA excited electrons
As outlined before, an additional source of one-photon absorption by the excited electrons is available. Referring to Fig. 2 , electrons in the ⌫ valley can absorb a photon ͑with wavelength shorter than 1.57 m, equivalent to ⌫-X energy separation͒ and a phonon to transfer to the X-valley minima. In addition, TPA can excite electrons from the VB to the CB at energies near the X-valley minima. Owing to very large density of states at the X valley ͑when compared to ⌫ valley͒, a large fraction of excited electrons will transfer to the X-valley minimum. Once in the X valley, those electrons can absorb one photon, without a phonon, to reach the next higher conduction band. In InP, the energy difference between the two conduction bands stays nearly constantabout 1 eV-with 0.95 eV at X. Hence the cross section for excited electron absorption ͑ ex ͒ of photons of wavelength 1.3 m and shorter is possible within the X valley. The calculated ex in InP as a function of wavelength is shown ͑dotted line͒ in Fig. 7 , where we see that ex at 1.2 m can be as high as 2.8ϫ 10 −16 cm 2 , about 30 times the value of h at that wavelength. Since both CBs happen to be nearly parallel to each other, the ex is operational only in a small bandwidth of wavelength.
This observation is quite different from that predicted for GaAs as seen from Fig. 8 , where excited carrier absorption is rather broad. For electrons in the ⌫ valley of the CB, onephoton absorption is allowed only with assistance from phonon or impurity scattering to conserve both momentum and energy, resulting in a very small electron FCA cross section. 20 However, under high irradiance illumination, the additional source of FCA by the excited electrons becomes available. Referring to Fig. 2͑b͒ , TPA from LH/HH bands excites electrons to the ⌫ valley of the CB at energy above the X-valley minima. Any electron in the ⌫ valley can absorb a photon ͑with wavelength shorter than 4.5 m, equivalent to ⌫-X energy separation͒ and a phonon to transfer to the X-valley minima. Owing to very large density of states at the X valley ͑compared to the ⌫ valley͒, a large fraction of excited electrons will transfer to the X-valley minimum as shown by the dotted arrows. Once in the X valley, those electrons can absorb one photon, without a phonon, to reach the next higher conduction band. In GaAs, the energy difference between two conduction bands increases continuously It is important to realize that this contribution to the FCA is added only when the electrons are available in the X valley, since not all CB electrons participate in this process. The average FCA cross section can be defined as
where N is the total density of excited electrons ͑equal to that of holes͒ and N X is the portion transferred to the X-valley minimum. If N X is determined only by thermal distribution, then N x / N can be approximated to be exp͑−⌬E / kT e ͒, where T e is the electron temperature, which is often much higher than the lattice temperature in high-intensity light transmission studies. When the photon energy is sufficiently large to place the TPA excited electrons above the X-valley minimum, the transfer to the X valley is more efficient, and carrier density ratio ͑N x / N͒ can be substantial. An important application of active optical switching could benefit from these calculations. For example, this strong source of FCA could be used for all optical switching at one wavelength, e.g., communication wavelength of 1.33 or 1.55 m with a commonly available pump diode laser operating at 0.8 m.
The calculated values of temperature-dependent h in InP, GaAs, and Ga 64 In 36 As are plotted ͑solid line͒ in Fig. 9 for both 1.06 m ͑dotted͒ and 1.55 m ͑solid͒. The FCA cross-section values in InP 60 As 40 are nearly identical to those in Ga 64 In 36 As and are not shown in Fig. 9 . Also, the crosssection values are not shown for the alloys at 1.06 m because the fundamental absorption ͑across the band gap of 0.92 eV͒ overwhelms the FCA. We see that h increases approximately as e −⌬/T for all the materials considered. In addition, h increases when the wavelength is increased from 1.06 to 1.55 m. eV, and 0.22 eV, respectively. As noted before, the FCA cross section arises mostly from absorption of photons by electrons in the SO band to a free hole state in the HH/LH bands. Because of energy and momentum conservation, the states that participate in the absorption of 1.55 m wavelength photons are closer to the zone center than those that participate in the absorption of 1.06 m wavelength photons. Consequently, more holes participate in the absorption of 1.55 m wavelength photons, and the resulting cross section is larger than that of 1.06 m. Also, the ratio of hole density at a given state to the total hole density decreases with T like a Boltzmann factor ͑ϳe −⌬/T ͒, and a similar decrease is seen in the FCA cross section ͑which decreased linearly as 1/T in a log-plot͒, both for 1.06 and 1.55 m wavelength photons. This trend with T is clearly seen in Fig. 9 , where h in log scale is shown to decrease almost linearly with 1/T.
III. BEAM PROPAGATION MODELING
We see that the excited FCA mechanism is available only when the intensity is high enough to create a large electron density in the satellite valley of the CB. Hence, the effect of this additional mechanism can be expected to play a role in high-intensity light transmission through GaAs. We have used the calculated absorption by holes and excited electrons in our computer code to compare the calculated transmission with the measured values. The details of the calculational method for propagation will be published elsewhere. 21 Here we give a brief outline for continuity. We obtain a self-consistent solution to Maxwell's wave equation that governs the electric field propagation and the coupled rate equations that govern the generation and decay of generated carrier density ͑⌬N͒ and temperature change ͑⌬T͒ within the sample. The code uses the measured incident spatial and temporal pulse profiles to describe the propagation of the electric field through the sample as a function of time and radial distance. The beam profile at the exit surface is radially and spatially integrated to determine the output energy transmission. Since ⌬N and ⌬T depend on both position and time of the irradiance, these parameters are continuously evaluated as the pulse propagates through the sample. Our previous calculations in the midwave infrared regime 15, 16 indicated strong variation in the parameters ␤ and with T and ⌬N. The calculations carried out here also indicate strong variation with T, but not with ⌬N for densities up to 10 18 cm −3 . Our calculations indicated that radiative recombination lifetime can be neglected and that the Auger recombination coefficient C is 10 −30 cm 6 / s. The Auger lifetime is given by 1 / Cn 2 , where n is the carrier density expressed in cm −3 . The SRH lifetime is sample dependent and is adjusted in our calculations to get better agreement with measured low-intensity transmission. Once fixed at low intensity, SRH lifetime is not adjusted at other intensities. The calculations assume a SRH lifetime of 1 s. The intensity dependence arises through excited carrier density as SRH lifetime decreases linearly with carrier density. All other required NLA parameters ͑␣ , ␤ , f ͒, the change in refractive index, and intrinsic lifetimes ͑Auger and radiative-recombination͒ are calculated using full bandstructures as described earlier as func- tions of photoexcited carrier density ͑10 14 cm −3 Ͻ⌬N Ͻ 10 18 cm −3 ͒ and lattice temperature ͑75 K Ͻ T Ͻ 500 K͒. For efficient computation, the parameters are fitted to closedform polynomials ͑in T and N͒ and the fit-parameters are read from a look-up table. The fitted parameters used in our calculations are given in Table I .
IV. NONLINEAR TRANSMISSION RESULTS
The transmission coefficient, which is the ratio of intensity integrated over the entire exit surface and time to the incident energy, is obtained as a function of incident intensity and compared with measured values as shown in Fig. 10 . Calculated nonlinear parameters at 1.064 m are used in our beam propagation code to obtain transmission as a function of incident intensity. The incident beam parameters are taken from the previously published experimental result 22 -Gaussian temporal and spatial half-widths at 1/e of the maximum ͑HWe −1 M͒ of 27 ps and 60 m, respectively. The uncoated GaAs sample was 0.175 cm thick. The experimental 22 and theoretical transmissions calculated here are shown in Fig. 10 . Theoretical results obtained by considering only absorption by holes ͑ h ͒, shown by the solid line, nearly agree with experiment, but better agreement is observed ͑dotted line͒ when excited electron absorption ͑ ex ͒ is included. While the beam propagation study accurately predicts the nonlinear transmission, FCA does not play a major role in these picosecond duration measurements because photogenerated carrier density is small due to the short pulse duration. However, for pulse durations in the nanosecond regime or longer, where there is more time for the generation of carriers, the effect of FCA is expected to be large.
To illustrate the significance of ex calculated here, the nonlinear transmission of a longer-duration laser beam with a wavelength 1.535 m through a GaAs sample was measured. Gaussian temporal and spatial HWe −1 M values of the incident irradiance were 50 ns and 166 m, respectively. The GaAs sample of thickness 0.76 mm was grown via a hydride vapor-phase epitaxy process, and the sample was kept at the beam waist. The low absorption of photons with below band gap energies indicated that the sample was of high purity and low defect density. The nonlinear transmission was measured by adjusting the attenuation of the incident beam and measuring the ratio of incident and transmitted energies. The detector measuring the transmitted energy was placed immediately after the sample to collect all of the energy and to avoid the effects of nonlinear refraction on the measurements. The measured nonlinear transmission ͑sym-bols͒ as a function of input energy is shown in Fig. 11 . The calculated transmission considering ͑a͒ only h ͑dashed line͒, ͑b͒ h and ex , but independent of temperature ͑dotted line͒, and ͑c͒ temperature-dependent h and ex are also shown in Fig. 11 . It is clear that contributions from both hole and excited electrons are needed for quantitative agreement with measured values, and that the temperature-dependent ͑or self-consistent͒ parameters are required for better quantitative agreement. Also plotted in Fig. 11 ͑right axis͒ are the predicted temperature of the sample calculated with ͑solid͒ and without ͑dashed͒ self-consistent parameters. When T-dependence of ␤ and are not included, the calculations predict a larger increase in sample temperature and, consequently, a larger NLA. Note that both ␤ and increase with T. When T-dependence is included there will more absorption near the front surface and, hence, less NLA inside the sample. When ␤ and are constant, the NLA will be more uniform throughout the sample, which results in increased absorption and, hence, temperature. Both sample temperature and the transmission are better predicted when T-dependence of NLA parameters is included in the modeling. We reached a similar conclusion recently while explaining the z-scan and nonlinear transmission experiments.
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V. CONCLUSIONS
We have used the full bandstructures of InSb, GaAs, and InP compounds, and of Ga 64 In 36 As and InP 60 As 40 alloys, to calculate TPA coefficients and FCA cross sections as functions of carrier density and temperature. The calculated TPA coefficient for a given material increases with temperature 11 . ͑Left axis͒ Calculated transmission and temperature with ␤, h only ͑dashed line͒; with ␤ and both h and ex , but temperature-independent ͑dotted line͒; and with temperature-dependent ␤, h , and ex ͑solid line͒ compared with measured transmission ͑symbols͒. ͑Right axis͒ Predicted temperature increase in the sample when temperature-independent ͑dotted line͒ and temperature-dependent ͑solid line͒ nonlinear parameters are used.
and decreases with wavelength. Although GaAs and InP have nearly equal band gap, the calculated TPA differs substantially. Our detailed calculation of FCA indicates the possibility of an additional contribution from excited electrons. This source of FCA can be used for optical switching at one wavelength with a pump at different wavelength. We have further used these parameters in the newly developed code to obtain transmission as a function of incident intensity of light at 1.064 and 1.55 m wavelengths. The calculated transmissions agree very well with those measured when T-dependence is included.
